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Adaptive change in ammonia excretion in renal insufficiency.
Experiments were performed to study the mechanism of the
compensatory increase in the excretion of metabolic acid by re-
sidual nephrons after reduction in renal mass, Despite a decrease
in nephron population to 20% of control, total excretion of acid
remained similar to pair-fed controls due to an increase in neph-
ron excretion from 5.4 0.5 in controls to 22.3 1.9 nEq/24 hr
(P < 0.025), including a threefold rise in ammonia excretion and
a ninefold increase in excretion of titratable acid. Further studies
showed that the in vivo production of ammonia by residual neph-
rons paralleled, in general, the nephron excretion rate, and in-
creased from the control value of 0.23 0.02 to 0.54 0.09 ng/
mm (P < 0.05). Because the production rate of ammonia per mil-
ligram of DNA was not increased in experimental animals above
control and because changes were not found in enzymes and sub-
strates associated with increased ammoniagenesis in the rat,
these data suggest that formation of additional ammonia-produc-
ing cells, due to hyperplasia, plays a role in the compensatory
increase in ammonia excretion by residual nephrons. During
acute acidosis, cellular ammonia production rose in a parallel
manner in control and experimental kidneys, indicating that the
capacity to form ammonia is not impaired in chronic renal in-
sufficiency.
Modifications adaptatives de l'excrétion d'ammoniaque au cours
de l'insuffisance rénale. Le but du travail a été d'étudier le
mécanisme de l'augmentation compensatrice de l'excrétion
d'acide par les néphrons résiduels après une reduction de Ia
masse rénale. Malgré une diminution de Ia population des
néphrons a 20% de Ia valeur contrôle, l'excrétion totale d'acide
est restée semblable a celle observée chex des contrôles du
fait d'une augmentation de l'excrétion par néphron de 5,4 0,5
nEq/24 heures chez les contrôles a 22,3 1,9 (P < 0,025) avec
un triplement de l'excrétion d-ammoniaque et une augmentation
de neuf fois de l'excrétion d'acidité titrable. D'autres expéri-
ences ont montré que Ia production d'ammoniaque in vivo par
les néphrons résiduels est parallèle, en general, au debit d'ex-
crétion des néphrons et augmente de Ia valeur contrôle de
0,23 0,02 nglmin a 0,54 0.09 (P < 0,05). Le debit de pro-
duction d'ammoniaque par mg de DNA n'était pas augmenté au
dessus des valeurs contrôles et aucune modification des en-
zymes et substrats impliqués dans l'ammoniogénèse chez le rat
n'a été observée. Ces résultats suggèrent donc que la formation
de nouvelles cellules produisant de l'ammoniaque, du fait de
l'hyperplasie,joue un role dans l'augmentation compensatrice de
la production d'ammoniaque par les néphrons résiduels. Au
cours de l'acidose aiguë, Ia production cellulaire d'ammoniaque
augmente de facon parallCle dans les reins contrôles et expéri-
mentaux, ce qui indique que Ia capacité de former de l'am-
moniaque n'est pas altérée dans l'insuffisance rénale chronique.
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Previous studies have shown that the urinary ex-
cretion of ammonia in patients with bilateral renal
disease generally falls in parallel with the GFR [1,
2]. In contrast, the urinary excretion of titratable
acid remains relatively constant until severe renal
failure ensues, owing apparently to an increased
fractional excretion of phosphate and a normal acid-
ifying ability [3, 4]. Clinical observations, however,
suggest that patients maintain an acid-base balance
until their GFR is about one fifth or less of the nor-
mal value. The ability to excrete the daily load of
metabolic hydrogen ion by a reduced number of vi-
able nephrons implies a compensatory adaptation to
increase the rate of formation of ammonium and ti-
tratable acid at the level of individual nephrons.
Clearance studies in patients with severe acidotic
renal failure have indicated that acid excreted in
each form, when factored by the GFR to account
for the loss in renal mass, exceeds normal values
[5].
The present study was performed to examine the
mechanism of the compensatory increase in excre-
tion of ammonia by individual nephrons in chronic
renal insufficiency. Because the experimental ma-
neuvers involved in clearance studies on anesthe-
tized animals may modify renal function, balance
studies were performed in conscious animals to de-
termine whether nephron excretion of ammonia
was significantly increased above control levels in
the experimental model of nonacidotic chronic ren-
al insufficiency used in this study. Special care was
taken to provide a similar rate of endogenous pro-
duction of metabolic acid in both control and exper-
imental groups. The mechanism of the observed in-
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creased rate of ammonia excretion per nephron in
conscious animals with renal insufficiency was eval-
uated by the in vivo determination of ammonia pro-
duction and other determinants of ammonia excre-
tion.
The results of this study show that the hyper-
trophied cells in the chronically reduced kidney re-
spond to an acid load in a quantitatively normal
manner. Because ammonia production per milli-
gram of DNA was not increased above the control
value in nonacidotic animals with renal insufficien-
cy, these data suggest that the rise in production
and excretion of ammonia by individual nephrons
was due to an increase in the number of ammonia-
producing cells in residual nephrons.
Methods
Adult male Sprague-Dawley rats (Charles River
Laboratories, Massachusetts), each weighing 150 to
200 g at the beginning of the study, were allotted to
control or experimental groups. Animals with intact
kidney function served as controls, and the experi-
mental group with renal insufficiency was produced
by the surgical ablation of approximately 70% of
their renal mass. Experimental animals were
anesthetized with pentobarbitol (65 mg/kg of body
wt, i.p.) and were subjected to a right nephrectomy
and excision of the upper and lower poles of the left
kidney, as previously described [6]. This standard-
ized surgical procedure resulted in a constant
amount of tissue ablation. Whole kidney GFR and
total glomerular counts in remnant kidneys were
not statistically different between different groups
of animals prepared during the course of this study,
and they were not different from experiments using
this technique that have been previously reported
by our laboratory [6, 7]. After 3 days, to allow for
recovery from the surgical procedure, both groups
were fed a daily diet of exactly 20 g of pulverized rat
chow (normal diet) (Purina Rat Chow®, Ralston
Purina Co., St. Louis, Missouri) to provide an in-
take of similar electrolyte, protein, and source of
metabolic acid content. The amount of food pro-
vided was completely consumed each day. From
our analysis, the rat chow had the following compo-
sition: sodium, 15.7 mEq/lOOg; potassium, 27.6
mEq/lOOg; and phosphorus, 23.9 mg/lOOg. The con-
centration of protein was 22.8% by weight. To
study the response of experimental animals to a
higher dietary intake of hydrogen ion, we fed an
additional group of experimental animals 20 g of
rat chow (Purina) each day to which 350 Eq of
amonium chloride was added (high hydrogen ion
water throughout the preparation period. All ex-
periments were performed 2 to 3 weeks after
surgery to insure a steady metabolic state following
compensatory growth of the remnant kidney in the
experimental group. Following the period of dietary
preparation, animals from each group were random-
ly allocated to the different experimental protocols.
Metabolic study. While the dietary regiment was
continued, animals were placed in individual meta-
bolic cages to collect total urinary output over 2
successive days. Urine was collected under mineral
oil, with thymol crystals added to prevent bacterial
contamination, and the collection funnel was
changed each day. Fecal contamination was pre-
vented by a fine wire mesh positioned above the
mineral oil layer, and prevention of bacterial con-
tamination was ascertained by appropriate urine
cultures. Timed urinary volumes were measured,
and aliquots were analyzed for pH and the concen-
trations of ammonia, titratable acid, sodium, potas-
sium, chloride, and inorganic phosphorus. Values
from the 2 consecutive days were averaged.
Following completion of the metabolic study,
control and experimental animals were anesthetized
with mactin® (Promonta, Hamburg), 100 mg/kg
body wt, i.p. A tracheostomy was performed and
PE-50 polyethylene tubing was inserted into one
jugular vein and the urinary bladder. After surgical
preparation, 0.15 M sodium chloride, equal to 1% of
body weight and containing a priming dose of 20
jCi of methoxy-3H-inulin (New England Nuclear
Corp.), was injected Lv. to correct for surgical loss-
es. An infusion of 0.15 M sodium chloride was then
begun at a rate of 1.2 mI/hr. containing 3H-inulin in a
concentration of 20 j.tCi per 1.2 ml. After 60 mm of
equilibration, the excretion of 3H-inulin was mea-
sured in urine collected under oil during two 30-mm
periods. At the mid-point of each collection period,
samples of tail blood were obtained for determina-
tion of 3H-inulin concentration in plasma.
Renal production rate of ammonia' in hydropenic
animals. Control and experimental animals were
anesthetized and prepared for acute clearance stud-
ies as in the preceding experiment. Following equil-
ibration of 60 mm and the collection of urine and tail
blood during two 30-mm periods, 1.8 ml of blood
were slowly withdrawn from both the aorta and left
renal vein for the determination of pH, Pco2, and
the concentrations of 3H-inulin and ammonia. Un-
1Arnrnonia is used here as a general term to include free-base
ammonia (NH3) and ammonium ion (NH41.
Ammonia excretion after renal mass reduction 597
nary ammonia concentration and the activity of 3H-
inulin were measured in the timed aliquots of urine
obtained during the clearance periods. Intra-
vascular volume was replaced with 3 ml of dextran-
40, and following a 2-mm interval for equilibration,
2 ml of Pelikan ink (Gunther-Wagner) were injected
through the jugular catheter. The kidneys or kidney
remnant were then removed, weighed, and placed
in 10% formalin for measurement of the total num-
ber of glomeruli, by methods previously described
[10]. Preliminary studies showed that total glomeru-
lar counts in the normal and remnant kidney were
not statistically different between the rats subjected
to withdrawal of 3 ml of blood and administration of
3 ml of dextran-40 and the rats that were not bled.
Renal production rate of ammonia in animals
during acute metabolic acidosis. After control and
experimental animals were anesthetized and pre-
pared for acute clearance study, as in the preceding
experiment, ammonium chloride (8 mmoles/kg of
body wt) was administered intragastrically, with a
no. 8 French Duval rubber catheter. Two hours
were allowed for the absorption of the ammonium
chloride load. Clearance periods and aliquots of
aortic and renal venous blood were collected to de-
termine GFR, renal blood flow, ammonia produc-
tion, and the total number of glomeruli, by the same
protocol used in the preceding experiment.
Tissue analysis for DNA and enzy,nes involved in
ammonia genesis. Surgical and dietary preparation
of animals for these studies were the same as those
used in metabolic and clearance experiments. To
determine production rate of ammonia per cell, we
measured the DNA concentration in the kidneys of
control and experimental animals, because cellular
hyperplasia, in addition to hypertrophy, occurs af-
ter partial surgical ablation of renal tissue [9]. The
concentration of DNA was measured in rat renal
tissue by the method described by Fleck and Begg
[9]. Kidneys were frozen in vivo by using aluminum
tongs, cooled in liquid nitrogen, and kidney weight
was determined in preweighed vials. After the pre-
cipitation of protein with perchloric acid, DNA was
extracted by removing RNA with dilute alkali. Fol-
lowing hydrolysis, DNA content was determined by
absorbance at 260 m, read on a Zeiss spectropho-
tometer. Calf thymus (provided by Dr. Charles
Radding) was used as the source of DNA for cali-
bration. The DNA concentration estimated by this
method in control rats was 264.7 (sEM) 10.7 mg/
lOOg wet weight, and it compared favorably with the
value of 283 13 reported by Scott, Fraccastoro,
and Taft [10].
In other experiments, designed to assess the pres-
ence of acid-induced ammoniagenesis, the activity
of enzymes and levels of substrates associated with
ammonia production in rat kidney were determined
in control animals and rats with chronic renal in-
sufficiency. For comparison, animals with intact
kidney function were examined after induction of
chronic metabolic acidosis, caused by the addition
of 0.28 N ammonium chloride to drinking water for 7
days. In these studies, a sample of aortic blood was
taken immediately after induction of anesthesia to
determine the arterial blood pH and plasma bi-
carbonate levels. The activity of phosphate-depen-
dent glutaminase (PDG) was measured as described
by Goldstein [11], at a pH of 8.5, in whole homoge-
nates of renal tissue and in mitochondria. Mito-
chondria were prepared according to Chappell and
Hansford [12]. and the assay for PDG was per-
formed on a 1:1 dilution of the mitochondrial frac-
tion with incubation media. Blood and tissue con-
centrations of glutamine were estimated by the
method described by Lund [13]. Tissue levels of L-
glutamate and a-ketoglutarate were determined by
the method of Bergmeyer and Bernt [14]. The spe-
cific activity of glutamyl transferase in microsomes
of renal cortex was measured by a technique pre-
viously described [15].
Chemical measurements. Blood ammonia deter-
minations were made by the Seligson-Hirahara
technique [16], which was modified to measure am-
monia content in 0.4 ml of whole blood. Specimens
of blood were collected anaerobically in glass
syringes prepared with EDTA as anticoagulant and
stored on ice. Within 30 mm of collection, 0.4 ml of
blood was added to 0.6 g of an alkali mix of potas-
sium carbonate and potassium bicarbonate con-
tained in a 20-ml capacity diffusion bottle. During a
20-mm diffusion period, bottles revolved on a rota-
tor (model 150V, Scientific Industries, Inc.) at 50
rpm with a steel rod added to the solution to facili-
tate even mixing. Liberated ammonia gas was
trapped as ammonium sulfate on a sulfuric acid-
soaked glass rod suspended over the mixing solu-
tion. The trapped ammonium sulfate was washed
into a mixture of 2 ml of phenol-sodium nitro-
prusside and 2 ml of sodium hydroxide hypochlorite
(Berthelot color reagents), and the blue indophenol
compound formed was measured colorimetrically
by a spectrophotometer (Gilford Instrument 300-N)
at a wave length of 630 m. All determinations were
performed in duplicate or triplicate.
To determine the accuracy of this modification,
compared to the original Seligson-Hirahara method,
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which uses a 2.0-mi aliquot of blood, we analyzed
12 samples of blood by both techniques using 0.4 ml
and 2.0 ml. The mean values obtained by both
methods were not statistically different when ana-
lyzed by paired analysis and differed by 5.3%. The
mean of 14 determinations of ammonia nitrogen in
aortic blood obtained from control animals on the
normal diet was 1.45 (sEM) 0.14 jtg/ml, with a
range of 0.68 to 2.42 gIml. These values compare
favorably with those reported by Hayes et al in rat
blood [17] who used the method outlined by Brown
et al [18]. With the same technique on fresh human
blood, the ammonia nitrogen concentration was 1.1
0.05 g/ml, with a range of 0.8 to 1.5 sg!ml, in
agreement with the range of 0.8 to 1.9 reported by
Seligson and Hirahara [16].
Urine ammonia was measured by the Seligson
and Seligson technique [19] of using 20-14 aliquots
of urine collected under oil. Analysis of ten speci-
mens of rat urine with this technique, compared to
the Conway and Byrne method [20], demonstrated
a difference of 2.8% and no statistical difference be-
tween mean values obtained by paired analysis.
The pH and Pco2 of blood and pH of urine were
measured on an acid-base analyzer (model PHM 71,
Radiometer, Copenhagen). The bicarbonate con-
centration in plasma was calculated as described
below.
The concentration of sodium and potassium was
determined on a flame photometer with an internal
standard; and the concentration of chloride, by a
Cotlove chioridometer. The concentration of phos-
phorus was determined on an autoanalyzer. The ac-
tivity of 3H-inulin was determined by a scintillation
counter (model 3320, Packard Tri-Carb).
Calculations. Bicarbonate concentration in
plasma was calculated from the measured pH and
Pco2 values, with the Henderson-Hasselbach equa-
tion, as described by Van Slyke et al [21]. A pK
value of 6.10 and a proportionately constant (aCO2)
of 0.0301 were used. The concentration of titratable
acid in urine of control and experimental groups
was calculated using a pK of phosphate derived by
the method of Schwartz et al [22]. This procedure
was followed because there was an appreciable dif-
ference in the electrolyte concentration of urine be-
tween the two groups of rats, a factor that signifi-
cantly influences the pK' of phosphate [22].
The pK of phosphate was derived from the for-
mula:
l.57VpK2 = pK2 — I + 1.49 \itj + f3i.
The pK2 of an infinitely dilute phosphate solution
at 37° C is approximately 7.181, and the value of /3
was obtained from data provided by Schwartz et al
[22]. The symbol a represents ionic strength and is
estimated from the formula:
C1Z12
2
where C represents the concentration of each ion
and Z2 the square of its valence. In these calcu-
lations, the ionic contribution of the measured con-
centrations of sodium, potassium, ammonium,
chloride, and phosphate were used. Organic acid
was arbitrarily considered to equal the anion gap of
the above ions. Because the buffering capacity of
urinary organic acids was considered to be negli-
gible at the initial urinary pH values obtained, titra-
table acid was considered to equal the difference in
monovalent phosphate concentration between urine
and plasma (glomerular filtrate).
The clearance of inulin (C1) was calculated by
conventional formula. Renal plasma flow (RPF) was
estimated as RPF — C1!E1, where E1 represents
the extraction of inulin. Renal blood flow (RB F)
was estimated as RBF RBF!l — Hct. The pNH3 of
renal venous blood was determined from the pH
and concentration of ammonia in renal vein plasma,
using the formula of Jacques, Poppell, and Jeltsch
[23]:
pNH3 = [NH3] x 22.09
where [NH3] is the molar concentration of the free
base (NH3), and a, the solubility coefficient, has a
value of 0.91 liter of NH3 per liter of plasma per mm
Hg of pNH3 at 37° C.
The proportion of the total ammonia present as
base and as the ionized species was determined
from the formula:
IXTT-T +1
L 4 J = 10(pKab — p1-I)
[NH3]
The pKab of the ammonia buffer system in blood
was assumed to be 9.15.
The rate at which ammonia was added to renal
venous blood was calculated as:
RBF X (ammoniaRv — ammoniaA)
where RV and A indicate renal venous and aortic
blood, respectively. The rate of ammonia produc-
tion was derived from the rate at which ammonia
was added to renal venous blood plus the urinary
excretion rate of ammonia.
Values are presented as means SEM. Student's
t test was used to compare groups.
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Results
Renal function and excretion of ,netabolic acid.
As shown in Table 1, the total nephron population
in experimental animals was reduced to approxi-
mately 20% of control, from 81,100 1890 to 15,290
560 (P < 0.00 1). Due to compensatory changes in
the remnant kidney, however, whole animal GFR
was decreased to only one third of the control value
of 3,015 95 u.l/min. At the level of individual
nephrons, mean GFR, calculated from the quotient
of whole animal GFR and total nephron population,
increased from 37.5 1.3 in controls to 74.8 4.1
nl/min in the experimental group (P < 0.001). Be-
cause the absolute rates of urinary excretion of
phosphorus, sodium, and potassium, measured in
balance studies, were not statistically different be-
tween groups, the method of paired-feeding used in
this study provided a similar dietary intake of elec-
trolytes, calories, and nitrogen and a similar intake
of nonvolatile hydrogen ion. These data also in-
dicate that the urinary excretion of electrolytes per
nephron rose fivefold in the remnant kidney to pre-
serve overall balance.
To examine the renal handling of metabolic acid
after marked reduction in nephron population, and
induction of stable, chronic renal insufficiency, we
measured the urinary excretion of ammonia and ti-
tratable acid in conscious animals placed in meta-
bolic cages. Despite loss of renal mass in experi-
mental animals, and maintenance of an intake of
nonvolatile hydrogen ion at a level comparable to
control, metabolic acidosis did not occur. Whole
blood pH was 7.44 0.01 in controls and 7.41
0.01 in experimental group (P = NS), and plasma
bicarbonate levels were 21.7 0.6 and 21.5 1.1
mEq/liter in the same groups, respectively (P =
NS). Urinary pH was not significantly different be-
tween control and experimental animals and aver-
aged 6.96 0.04 and 6.90 0.04 (P = NS), respec-
tively. The excretion of hydrogen ion, as ammonia
and titratable acid, is shown in Fig. 1. Total abso-
lute hydrogen ion excretion was similar in both
groups (433 43 in controls vs. 340.0 40.0 jsEq
per 24 hr in experimental animals, P = NS), al-
though the ratio of the two forms of buffered hydro-
gen ion in final urine was observed to differ from
control in animals with renal insufficiency. The ex-
cretion of ammonia fell from the control value of
347 30 to 193 19 /.LEq/day (P < 0.025), and that
of titratable acid increased from the control value of
85 15 to 146 20 sEq/day (P < 0.025). Because
the absolute excretion of phosphorus was similar in
both groups, the higher rate of titratable acid excre-
tion in experimental animals was due to a slightly
lower urine pH, although not statistically different
from control, and higher pK'2 of phosphate (6.64
0.01 in control urine vs. 6.73 0 in experimental
urine, P < 0.001). The decrease in ammonia excre-
tion observed in experimental animals fed the regu-
lar rat chow was not due to an impairment in capac-
ity to excrete ammonia. When experimental ani-
mals were fed the high hydrogen ion diet,
containing an additional 350 jsEq of ammonium
chloride, total acid excretion increased to 620.2
62.9 pEq/24 hr. Because urinary titratable acid
(150.0 33.9) did not rise further, the increase in
acid excretion was due primarily to the sharp rise in
ammonia excretion to 468.2 90.5. Because blood
pH and bicarbonate levels in animals fed the high
hydrogen ion diet were not statistically different
from either control or experimental groups on the
normal chow, the increase in ammonia excretion
was not associated with metabolic acidosis.
The excretion of ammonia and titratable acid by
individual nephrons is also shown in Fig. 1, calcu-
lated from nephron counts in the same animals.
Ammonia excretion per nephron increased approxi-
mately three times the control rate of 4.3 0. 1 to
12.7 1.3 nEq/24 hr (P < 0.025) in experimental
animals, and titratable acid excretion rose nearly
nine times above the control level of 1.1 0.2 to 9.6
Table 1. Summary of renal function in control and experimental animals during metabolic balance studya
Control
(N=21) Experimental(N=2l) P
Body wt,g 301.0 6.9 289.7 7.4 NS
C,pJ/min 3,015 95 1,130 58 <0.001
Total glomerular count 81,100 1,890 15,290 560 <0.001
V,pilrnin 14.1 0.7 25.2 1.1 <0.001
UpV,pglmin 12.5 0.8 14.4 1.0 NS
UaV,p.Eq/Pnin 2.3 0.1 2.3 0.1 NS
UKV,p.Eqlmin 2.9 0.1 3.0 0.1 NS
a Values represent the means SaM. N represents the number of animals studied. P values indicate comparison of control and
experimental groups. Parameters of renal function were measured in conscious animals during balance studies, except C11, which was
determined in the same animals alter induction of anesthesia.
1.4 nEq/24 hr (P < 0.025). Total excretion of
metabolic acid by individual nephrons in experi-
mental animals on the regular rat chow, like that of
other electrolytes measured during the balance
study, was approximately fourfold to fivefold higher
than in controls. Total acid excretion per nephron
was 5.4 0.5 in controls and 22.3 1.9 nEq/24 hr
in the experimental group (P < 0.025). On the high
hydrogen ion diet, total acid excretion in the ex-
perimental group rose eightfold above control (40.1
5.2 nEq/24 hr).
Figure 2 demonstrates the rate of nephron excre-
tion of ammonia in relation to random urine pH val-
ues during balance studies. At all observed pH val-
ues, that rate of excretion was higher in animals
with renal insufficiency than it was in controls. The
rate of nephron excretion of titratable acid as a
function of urine pH in the same groups is shown in
Fig. 3. Because the slopes of the regression lines
were statistically different, more titratable acid was
formed at comparably lower urine pH values in ani-
mals with renal insufficiency than in controls.
Production and urinary excretion of a,nmonia in
hydropenia. Further studies were performed to de-
termine the mechanism responsible for the in-
creased rate of nephron excretion of ammonia in an-
imals with chronic renal insufficiency. In contrast to
the first set of experiments, concerned with excre-
tion of hydrogen ion of the two bound forms, these
studies were performed in anesthetized animals
with clearance techniques to permit an estimation
of the in vivo ammonia production. Table 2 shows
that overall renal function, total nephron popu-
lations and blood levels of hydrogen ion were simi-
lar to the first group of studies in conscious animals.
Urinary rates of ammonia excretion during clear-
ance studies in anesthetized animals compared rea-
sonably well with values obtained in conscious ani-
mals studied during 24-hr intervals by balance stud-
ies. Expressed as micrograms per minute, the
whole kidney excretion of ammonia in conscious
A Control, regular diet
0 Experimental, regular diet o
£0 ° oc
50
6.50 6.60 6.70 6.80 6.90 7.00 7.10 7.20 7.30
Urine pH
Fig. 2. Rate of excretion of ammonia per nephron as a function
of urinary pH in conscious control and experimental rats pair-
fed the regular diet. Symbols indicate the average value for each
control (closed triangles) and experimental animal (open circles)
studied. The regression lines are control,y = 48.16— 6.3k. and
experimental y = 52.94 — 5.95x: P = NS.
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Fig. 1. Total acid excretion per day, expressed per animal and per nephron in conscious control and experimental animals on the regular
diet, and experimental animals on the high hydrogen ion diet. Urinary acid is represented as titratable acid plus ammonia. Bars denote
the means SEM.
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Fig. 3. Rate of excretion of titratable acid per nephron as afunc-
lion of urinan' pH in conscious normal and experimental rats
pair-fed the regular diet. Symbols indicate the average value for
each control (closed triangles) and experimental animal (open
circles) studied. The regression lines are control. y = 31.74 —
4.41x, and experimental,y = 215.07 — 29.8th; P < 0.001.
animals was 4.32 0.36 in controls and 2.34 0.18
in the experimental group, and was 8.47 0.84 and
2.20 0.27 during clearance experiments in the
same groups, respectively. In clearance experi-
ments, the nephron excretion of ammonia in experi-
mental animals was statistically greater than the
control level of 0.10 0.01 ng/min (P <0.02). Am-
monia leaving the kidney was approximately equal-
ly distributed between urine and renal venous blood
in both groups of animals. The total in vivo produc-
tion rate of ammonia paralleled, in general, the rate
of whole animal urine excretion. Although the
whole kidney production was markedly less in ani-
mals with renal insufficiency than it was in controls,
the production rate per nephron was 0.54 0.09 ngl
mm in the experimental group, compared with the
control value of 0.23 0.02 ng/min, an increase of
approximately twofold.
Compensatory growth after surgical removal or
destruction of renal mass is characterized by hyper-
plasia, as well as by cell hypertrophy, in the remain-
ing residual tissue. A change in nephron production
of ammonia, therefore, may not reflect a corre-
sponding change in cellular production. To evaluate
ammoniagenesis in individual cells, we factored the
production rate by the DNA content of renal tissue,
because the amount of nuclear DNA remains con-
stant [24]. Although it is recognized that DNA con-
tent in renal tissue reflects nonammonia-producing
cells, as well as cells involved in ammoniagenesis,
previous studies have indicated that compensatory
growth in this animal model results in the greatest
structural change in the proximal convolution
[25]—the major site of ammoniagenesis. DNA lev-
els were 264.7 10.7 in controls and 198.4 6.0
mg/lOOg wet weight of renal tissue in the remnant tis-
sue (P < 0.001). The lower value in the experimen-
tal group is in agreement with previous studies that
demonstrated that during compensatory renal
growth the relative contribution of cellular hyper-
Table 2. Ammonia metabolism in control and experimental animals during hydropenia and acute acidosis, determined during clearance
studiesa
Hydropenia Acute acidosis
Control Experimental Control Experimental(N = 14) (N = 14) (N = 9) (N = 9)
C1,pJ/min 3,170 158 1,033 82" 2,680 306 747 78"
RBF,pJ/min 16,513 1,236 6,224 297b 14,524 1.631 5,313 422'
Totalglomerularcount 82,000 1,700 12,790 670b 76,360 2,790 13.860 370b
Arterial blood pH 7.44 0.02 7.41 0.01 7.25 0.02 7.20 0.01"
ArterialbloodHCO3,mnEq/liter 21.7 0.6 21.5 1.1 13.6 0.7 11.4 07b
UrinepH 6.2 0.17 6.4 0.1 5.5 0.1 5.8 0.1
Arterial blood NH3, p.gImnl 1.77 0.17 1.56 0.12 2.68 0.20 3.10 0.61
Renalvein blood NH3, ag/ml 2.44 0.17 1.94 0.48 3.58 0.18 4.35 0.65
Renal vein plasma pNH3,
,nmHg x lO 128.4 8.9 85.1 6,2b 129.5 10.6 125.2 20.3"
NH3 added to renal
venous blood, pg/mi,: 10.33 1.61 2.40 3.206 12.05 2.00 6.24 1.11"
Urinary NH3
pg/mm 8.47 0.84 2.20 0.276 26.10 2.90 7.80 1.106
ng/min/nephron 0.10 0.01 0.17 0.026 0.34 0.11 0.56 0.20
NH3 production
jxg/min 18.80 1.58 4.60 0.37" 38.14 4.43 14.07 1.636
ng/mmn/nephron 0.23 0.02 0.54 0.09" 0.50 0.06 1.02 013b
pg/min/,ng DNA 2.7 0.2 1.6 0.16 6.3 0.7 5.8 0.7
a Values are the means SEM. N represents the number of animals studied.
"P <0.05 or less compared to the control group.
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0
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0
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a)0
Ammonia production Cortical cell pNH3
per nephron per cell mm Hg X 10—6
ng/rnin pg/rn/n/mg DNA
Fig. 4. Studies in hydropenic control and experimental animals
of ammonia production, expressed per nephron and per cell, and
cortical cell pNH3. Bars denote the means SEM. Experimental
values are expressed as percent of control.
trophy is greater than that provided by hyperplasia
[8]. As shown in Table 2 and Fig. 4, the estimated
rate of cell production of ammonia was not in-
creased in experimental kidneys, and actually fell
40% from the control value of 2.7 0.2 to 1.6 0.1
j.tg!minlmg DNA (P <0.02). These data, therefore,
suggest that the increased rate of ammonia produc-
tion per nephron was due to an increase in the num-
ber of ammonia-producing cells.
Additional evidence indicating that increased
nephron excretion and production of ammonia was
not caused by a rise in cell production rate was pro-
vided by an analysis of enzymes and substrates
known to play an important role in ammoniagene-
sis. Previous studies have shown that the major
pathway for ammonia production involves the de-
amidation of glutamine to form glutamic acid and
ammonia, a reaction activated by phosphate-depen-
dent glutaminase [26]. Further, acid-induced ammo-
niagenesis in the rat is associated with an increase
in phosphate-dependent glutaminase activity in ren-
al cortex and a fall in glutamate and a-ketoglutarate
levels [26]. As shown in Table 3, there was no evi-
dence for acid-induced ammoniagenesis because
glutaminase and substrate levels in homogenates of
cortex were similar in control and experimental ani-
mals. Because phosphate-dependent glutaminase is
a mitochondrial enzyme, an analysis of activity in
mitochondrial preparation was also performed to
enhance the sensitivity of the evaluation and was
found to be the same in both groups. In contrast,
glutaminase activity rose twofold, and glutamate
and ct-ketoglutarate levels decreased significantly
when chronic metabolic acidosis was induced with
ammonium chloride. In addition, the specific activi-
ty of glutamyl transferase, a microsomal enzyme,
was determined, because an important role has
been suggested for this enzyme in nonacidotic stim-
ulation of ammonia production by acetazolamide
[15]. There was no statistical difference in activity
between groups.
Table 3. Substrate and enzyme activity in controls and animals with renal insufficiency on the regular diet and rats with chronic metabolic
acidosisa
Control Renal insufficiency Control Chronic acidosis8
Arterial bloodpH 7.48
(5)
0.08 7.39 0.03
(9)
7.37 0.04
(6)
7.28 0.04
(6)
Plasmabicarbonate,mEq/liter 23.5
(5)
0.8 23.! 0.6
(9)
25.4 2.0
(6)
14.0 2.3c
(6)
Arterial glutamine, pinoleslml 0.61
(9)
0.02 0.72 0.05
(9)
— —
G1utamine(cortex),noles/gwetwt 1.27
(6)
0.1 1.35 0.1
(7)
— —
Glutamate (cortex), )wnoles/g wet wt 3.2
(6)
0.3 3.0 0.2
(7)
3.4 0.1
(6)
2.7 0. Ic
(6)
t-Ketoglutarate (cortex), j.cmoleslg wet wt 0.15
(6)
0.02 0.14 0.02
(6)
0.10 0.01
(6)
0.06 0.0lc
(6)
Phosphate-dependent glutaminase (cortex):
j.unoleslg wet wi/mm 8.5
(9)
0.8 9.6 0.8
,(18)
6.8 0.3
(12)
22.9 2.6e
(12)
mmoles/mgmitochrondrialprotemn/mmn 541.3
(9)
29.9 684.4 55.9
(18)
547.5 62.4
(12)
1539.5 204.5c
(12)
Glutamyl transferase (cortex-microsomes),
)wnoles/g wet wtlmin 0.15
(6)
0.03 0.20 0.02
(6)
—
—
Values represent the means SEM. The numbers in parentheses represent the numbers of animals studied.
Chronic acidosis was produced in rats with intact renal function by providing 0.28 N ammonium chloride in drinking water for 7 days.
P  0.05 compared with control.
200
150
Control, regular diet
50
S Control, hydroponic
Control, acute acidosis
C Experimental, acute acidosis
400 F-
200 L
100
Li:
Ammonia excretion after renal mass reduction 603
Cortical cell pNH3
mm Hg X 10-6
Fig. 5.Studies during acute acidosis in control and experimental
animals of ammonia production expressed per nephron and per
cell, and cortical cellpNH3. Bars denote the means SEM. Val-
ues during acute acidosis are compared to the levels in control,
hydropenic animals, which are expressed as 100%.
Production and urinary excretion of atnmnonia in
acute acidosis. The renal production of ammonia in
control and experimental animals was determined
during acute acidosis to evaluate the cellular re-
sponse in control rats to an acute acid load and to
compare that response with the capacity of hyper-
trophied cells in the remnant kidney to form am-
monia under the same condition. Overall kidney
function was similar to the previous groups, as
shown in Table 2. The acute load of ammonium
chloride (8 mmoles/kg of body wt) produced a se-
vere acute acidosis with a fall in blood pH to 7.2 and
bicarbonate levels to approximately 12 mEq/liter.
Compared to hydropenia, urine pH fell significantly
to 5.5 0.0 in controls and 5.8 0.1 in the experi-
mental group.
Following the induction of acidosis, there was a
prompt and marked increase in renal production of
ammonia in both control and experimental animals.
In controls, total renal production rose from the hy-
dropenic value of 18.8 1.6 to 38.1 4.4 tg/min
during acute acidosis, and in experimental animals
production rate was 4.6 0.4 and 14.1 1.6 jxglmin
in the same groups, respectively. As shown in Table
2 and Fig. 5, nephron production of ammonia during
acute acidosis was twofold greater than hydropenic
values in both control and experimental animals.
At the cellular level, acute acidosis induced a
sharp increase in ammonia production in both
groups, shown in Table 2 and Fig. 5. Because the
rate of cell production in experimental kidneys of
5.8 0.7 jg/min/mg DNA was not statistically dif-
ferent from the control value of 6.3 0.7, these
data indicate that there was no quantitative dif-
ference between hypertrophied and normal cells in
response to an acute maximal stimulus for ammo-
niagenesis.
Cellular concentration of arnmnonia in hydropenic
and acute acidosis. Cortical cell concentration of
ammonia was estimated from the renal vein plasma
pNH3, for Dennis et al demonstrated that pNH3 in
renal vein plasma reflected the partial pressure of
ammonia in renal cortex [23]. In control hydropenic
animals, the pNH3 was 128.4 8.9 mm Hg. In-
spection of Figs. 4 and 5 demonstrates that pNH3
fell in parallel with cell production of ammonia in
hydropenic experimental animals. After induction
of acute metabolic acidosis, pNH3 did not rise
above control hydropenic levels in either group of
animals, indicating that cell ammonia concentration
does not increase as a result of stimulated ammo-
niagenesis.
Discussion
To maintain balance for substances produced en-
dogenously and derived from food after loss of renal
mass, function in residual renal tissue is character-
ized by a compensatory increase in solute excre-
tion, at the level of individual nephrons. For some
substances, such as sodium, potassium, and phos-
phorus, alterations in tubular transport are involved
in the compensatory adaptation, whereas for oth-
ers, such as urea, increased nephron excretion is
the result of a rise in plasma concentration. Al-
though it seems likely that the nephron excretion of
ammonia also rises in patients with renal in-
sufficiency on a normal diet, because overall acid-
base balance is maintained until the onset of severe
renal failure, the characteristics of ammonia metab-
olism in moderate renal insufficiency and the mech-
anism for compensatory changes in nephron forma-
tion of ammonia have not been eludicated. Previous
studies in man and experimental models of renal in-
sufficiency have included patients with severe meta-
bolic acidosis [2, 4, 5] or have not excluded impor-
tant concurrent changes in dietary intake [1, 2]. A
recent in vivo study in anesthetized animals with
chronic renal failure, however, demonstrated a rise
in nephron excretion of ammonia during clearance
experiments [27].
The present study was performed, therefore, to
examine the features of ammonia excretion in an
animal model of chronic renal insufficiency and, in
the event that increased nephron excretion of am-
monia was found, to determine the mechanism of
0
=0
0
C
a)
C-)
a)0.
Ammonia production
per nephron per cell
ng/m/n jig/mm/mg DNA
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compensatory adaptation. Because both controls
and animals with renal insufficiency consumed the
same quantity of food and exhibited similar abso-
lute rates of excretion of major electrolytes, it
seemed likely that the endogenous production of
metabolic acid was equal in both groups during the
period of dietary preparation. Moreover, because
there was a reduction in the nephron population to
one fifth of normal, the excretory load of metabolic
acid presented to residual nephrons was increased
proportionately.
The results of the study in conscious animals, in a
relatively stable and nonmanipulated condition,
demonstrated that despite a marked reduction in
nephron population, experimental animals main-
tained normal concentrations of plasma hydrogen
ion and bicarbonate through a fourfold to fivefold
increase in excretion of metabolic acid per nephron.
Although there was a compensatory increase in the
nephron excretion of both ammonia and titratable
acid, total acid excretion was achieved pre-
dominantly through the ninefold rise in nephron ex-
cretion of titratable acid. Although a smaller frac-
tion of acid excretion was accounted for by am-
monia in animals with renal insufficiency, the rate of
excretion did not represent a maximum, but rather
was a reflection of the increased fractional excre-
tion of titratable acid. Further acid loading in exper-
imental animals demonstrated over a twofold rise in
total excretion of ammonia. The adaptive increase
in nephron excretion of titratable acid in experimen-
tal animals was due to a reduction in fractional
tubular reabsorption of phosphate, a doubling of the
filtered load of phosphorus, due to the increase in
nephron GFR and similar plasma concentrations of
phosphorus in both groups (control, 7.4 0.5 mg/
dl experimental, 7.5 0.4 mgldl), and a rise in buf-
fering capacity of phosphate due to the difference in
pK2' values. Calculations, using the rates of C1 in
the same groups of animals after induction of anes-
thesia, demonstrated mean values of tubular
reabsorption of phosphate of 93.8 0.6% in
controls and 81.7 1.4% in the group with renal
insufficiency. Because previous studies have dem-
onstrated that the rate of hydrogen ion secretion is
not rate limiting in renal failure, the increased rate
of formation of titratable acid at lower urine pH val-
ues reflected the rise in the amount of phosphate
buffer delivered to tubular secretory sites [4].
The major findings of this study concerned the
mechanism of the compensatory increase in neph-
ron excretion of ammonia in chronic renal in-
sufficiency. Although previous studies in man and
experimental animals have demonstrated levels of
UNHV/GFR that exceeded control values in aci-
dotic subjects with severe renal failure [5]. the vari-
ables that modulate ammonia excretion in that con-
dition and in nonacidotic moderate renal in-
sufficiency have not been evaluated under in vivo
conditions. The present data show that nephron ex-
cretion of ammonia in the rat with moderate renal
insufficiency correlated with a proportional rise in
ammonia production per nephron. Although large
increases in acid load have been shown to stimulate
ammonia production through a change in ammo-
niagenesis [28, 29], the present study suggests that
an adaptive increase in nephron production in pa-
tients with moderate renal insufficiency, and while
in acid-base balance, may also be caused by an in-
crease in the population of ammonia-producing cells
per nephron. This finding was supported by the ob-
servation that ammonia production per milligram of
DNA by experimental kidneys did not increase
above control, and the absence of changes in en-
zymes and substrates that characterize acid-in-
duced ammoniagenesis in the rat. The estimate of
the formation of new cells of approximately twofold
is in agreement with a previous study, using entirely
different techniques, that reported a new cell pro-
duction in the remnant kidney at 90% within 10 days
of surgery [30].
These findings in hydropenic experimental ani-
mals differ from the observations of Schoolwerth et
al [27], who reported that increased ammonia excre-
tion per nephron in animals with renal insufficiency
was associated with increased in vitro rates of cellu-
lar ammonia production and a rise in phosphate-de-
pendent glutaminase and glutamic dehydrogenase
activity. The difference between the two studies is
probably explained by the higher protein diet used
in the previous study (40% protein vs. 22% used in
the present study), which resulted in a larger acid
load and reduced urine pH values to a level signifi-
cantly below control. It is possible, however, that
modest increases in the excretory load of acid per
nephron, as in the present study, do not induce
changes in cellular enzymes and substrates associ-
ated with ammonia production. The possibility
therefore that increased ammoniagenesis also con-
tributed, in part, to the observed rise in nephron
production cannot be excluded with certainty. It
should be noted, in addition, that both this study
and that of Schoolwerth et al agree that the capacity
of renal cells in animals with renal failure is unim-
paired in their response to increase the rate of am-
moniagenesis following an acid load. In the present
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study, the increase in cellular ammoniagenesis in
the experimental kidney was comparable to control.
Because the renal metabolism of ammonia in-
volves nonionic diffusion of a highly permeable gas
between each of the three phases in which free-base
ammonia is contained, including cell, blood, and
tubular fluid, other variables besides production
rate may influence urinary excretion of ammonia
[28]. There was no evidence in the present study of
hydropenic experimental animals that factors
known to influence the direction or magnitude of
ammonia diffusion, or rate of accumulation of am-
monium ions in tubular fluid played a role in the
adaptive rise in ammonia excretion per nephron.
Based upon measurements of pH in blood and
urine, the concentration of free-base ammonia in
cortical cells, and the relative distribution of am-
monia exiting the kidney via renal venous blood and
urine, gradients for free-base ammonia across op-
posing cell membranes did not favor diffusion to-
wards tubular urine.
An additional finding of special interest in these
experiments concerned the response to acute acid-
osis. Besides the increased trapping of ammonium
ions in tubular urine, due to a fall in urine pH. there
was an immediate increase in cellular ammonia pro-
duction. The capacity, therefore, to increase the
rate of ammonia production does not require a
change in activity of deaminating enzymes, which
have been shown to rise slowly during chronic acid-
osis [31].
The present study, therefore, demonstrates both
an adaptive increase in the nephron production of
ammonia in animals with chronic renal insufficiency
and suggests a unique mechanism in the reduced
kidney to achieve that compensatory process—
namely an increase in the number of ammonia pro-
ducing cells due to hyperplasia. Despite this adapt-
ive mechanism and the normal ability of residual
cells to produce ammonia and normal acidifying
ability, total renal capacity to produce and excrete
ammonia is less than control because of the reduc-
tion in renal mass and pool of intrarenal ammonia.
It should be recalled that experimental models of
renal insufficiency may not simulate all types of ren-
al injury with comparable levels of glomerular filtra-
tion rate. Because structure-function relationships
are probably inseparably linked in biologic process-
es, it seems likely that functional adaptation in the
damaged or reduced kidney is influenced by the dis-
tribution and intrarenal location of regressive
changes. Functional adaptation in a remnant kid-
ney, produced by excision of tissue, results in a
population of residual nephrons that is structurally
intact, and probably represents a maximal com-
pensatory response to a reduction in nephron popu-
lation.
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